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The PRL receptor (PrlR) and the signal transducer
and activator of transcription 5a (Stat5a) are es-
sential for the proliferation and differentiation of
mammary epithelium during pregnancy. Based on
tissue culture cell experiments, Jak2 is the tyrosine
kinase responsible for the phosphorylation of both
the PrlR and Stat5. We have now used a genetic
approach to test the role of Jak2 in the mammary
gland, a PrlR-responsive tissue. Because Jak2-null
embryos die at E12.5, we transplanted Jak2-null
mammary anlagen into cleared fat pads of wild-
type mice and investigated epithelial development
during pregnancy. In the absence of Jak2, no se-
cretory alveoli were present at parturition, and ep-

ithelial cell proliferation was reduced by 95% after
an acute hormone treatment. Furthermore, the Na-
K-Cl cotransporter, a ductal marker, was main-
tained in Jak2-null epithelium and the sodium-
phosphate cotransporter type IIb, a secretory cell
marker, was absent. Nuclear Stat5a was only ob-
served in a few epithelial cells in Jak2-null glands
at pregnancy and parturition compared with most
epithelial cells in wild-type glands. Taken together,
our results demonstrate that Jak2 is a critical ty-
rosine kinase that conveys intracellular signals
necessary for proliferation and differentiation of
mammary epithelium during pregnancy. (Molecular
Endocrinology 16: 563–570, 2002)

MAMMARY EPITHELIUM PROLIFERATES and dif-
ferentiates during pregnancy through the com-

bined action of growth factors and steroid hormones. In
particular, the Prl-Stat5 pathway (where Stat5 refers to
both Stat5a and Stat5b) plays a central role in alveolar
development. Analyses of gene knockout mice have
demonstrated that the PRL receptor (PrlR) (1) and the
transcription factor, Stat5a (2), are required for functional
lobuloalveolar development during pregnancy. Inactiva-
tion of the PrlR results in the inability of the alveolar
compartment to proliferate and differentiate during preg-
nancy (1, 3, 4). Similarly, in the absence of Stat5a, alveoli
fail to fully develop and differentiate (2). In contrast, in-
activation of Stat5b does not significantly impair alveolar
epithelial development during pregnancy (5), which can
be attributed to the lower levels of Stat5b protein (6) and
the ability of Stat5a to functionally compensate for the
lack of Stat5b. However, we have recently demonstrated
that both Stat5a and Stat5b are required for full devel-
opment of the alveolar epithelium (7).

Strong Stat5 phosphorylation is detected in the mam-
mary gland around midpregnancy and persists through-
out lactation but is rapidly lost at involution (6). Because

the PrlR lacks intrinsic kinase activity (8), association with
a kinase is required to elicit receptor activation and sub-
sequent activation of Stat5. The PrlR activates Jak2 in
mammary gland explants in vitro (9), and Jak2 is respon-
sible for PrlR phosphorylation and subsequent Stat5
recruitment and activation in tissue culture cells (e.g.
10–13). However, a definitive in vivo role for Jak2 in the
mammary gland has not been established.

Functional inactivation of the Jak2 gene has deter-
mined its essential role in erythropoiesis in the liver
during early embryonic development (14, 15). Because
deletion of the Jak2 gene results in embryonic lethality
(E12.5), we have used mammary gland transplantation
to study Jak2-null epithelial development in a wild-
type host. Using this approach, we were able to
address specifically whether Jak2 is required for func-
tional development of the mammary epithelium during
pregnancy, or if other kinases are capable of compen-
sating for the loss of Jak2.

RESULTS AND DISCUSSION

Lack of Alveolar Development in the Absence
of Jak2

Inactivation of the Jak2 gene leads to embryonic le-
thality around d 12.5 due to a lack of definitive eryth-

Abbreviations: BrdU, Bromodeoxy uridine; FITC, fluores-
cein isothiocyanate; NKCC1, Na-K-Cl cotransporter; Npt2b,
sodium-phosphate cotransporter type IIb; PrlR, PRL recep-
tor; Stat5a, activator of transcription 5a; TRITC, tetramethyl
rhodamine isothiocyanate.

0888-8809/02/$15.00/0 Molecular Endocrinology 16(3):563–570
Printed in U.S.A. Copyright © 2002 by The Endocrine Society

563



ropoiesis in the fetal liver (Fig. 1A). Therefore, to as-
sess the role of Jak2 in the development of the adult
mammary gland, a transplantation approach was
used. Thus embryonic mammary anlagen isolated
from d 12.5 embryos (C57BL/6 genetic background)
(Fig. 1, A and B) were transplanted into the epithelial-
free mammary fat pads of athymic (nu/nu) nude mice,
and mammary epithelial cell development was subse-
quently evaluated. Although athymic nude mice have
reduced systemic levels of estrogen and progesterone

(16), the transplantation of wild-type and Jak2-null
embryonic mammary glands within the same nude
mouse allowed accurate comparisons to be made.

Whole mount analyses of virgin mice carrying wild-
type (Fig. 1, C and E) and Jak2-null (Fig. 1, D and F)
transplants revealed no significant differences. The
Jak2-null epithelium completely filled the fat pad (Fig.
1D), and there was evidence of normal terminal ductal
structures (see Fig. 1, E and F, arrowheads). In con-
trast, Jak2-null transplanted tissue harvested at par-

Fig. 1. Jak2 Is Essential for Alveolar Development in the Mammary Gland
A, Wild-type d 12.5 embryo (left) demonstrating erythropoesis in the liver (circle). Note the absence of erythropoesis in the liver

(circle) of a Jak2-null embryo (right). B, PCR verification of embryonic Jak2 genotypes. C–F, Development of ductal epithelium in
virgin wild-type (C and E) and Jak2-null (D and F) transplanted hosts at 8 wk. Normal terminal ducts (E and F, black arrowheads)
are apparent in both glands and no significant differences in overall development are observed. G–J, Alveolar development in
wild-type (G and I) and Jak2-null (H and J) transplanted hosts at parturition. The epithelium completely occupies the fat pad in
wild-type epithelium (G) and numerous alveolar structures are observed (I). No evidence of distinct alveolar structures are
detected in Jak2-null epithelium (H) and the persistence of terminal duct structures is apparent (J, black arrowheads). The original
embryonic transplants are depicted (G and H, white asterisks). A, Bar, 4 mm. C, D, G and H, Bar, 5 mm. E, F, I and J, Bar, 1 mm.
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turition revealed a lack of identifiable alveolar struc-
tures (Fig. 1, H and J) compared with wild-type
transplants (Fig. 1, G and I). The ductal tree was main-
tained similar to that observed in virgin glands (see Fig.
1, J and F) and terminal ductal structures were evident
(Fig. 1J, arrowheads).

To further analyze the morphology, histological sec-
tions were prepared. Similar to the whole mount anal-
yses, hematoxylin and eosin-stained sections demon-
strated that the ducts in virgin wild-type transplants
(Fig. 2A) and Jak2-null transplants (Fig. 2B) were com-
parable. At parturition, the wild-type transplants con-
tained large alveoli (Fig. 2C) with expanded lumina
(Fig. 2C, asterisks). The alveolar cells were actively
secreting milk as judged from the presence of large
lipid droplets in the cytoplasm (Fig. 2C, arrowheads).
In contrast, there was no histological evidence of lipid
droplets in the Jak2-null transplants (Fig. 2D), and a
persistence of fat cells was apparent. Although alveoli-
like structures were present (Fig. 2D, arrow), no secre-
tory alveoli were observed. These data demonstrate
that Jak2 is absolutely required for the proliferation
and/or differentiation of mammary secretory cells dur-
ing pregnancy.

Reduced Proliferation in Jak2-Null Epithelium

To examine whether a decrease in proliferation was
responsible for the lack of epithelium in Jak2-null
transplants at parturition, the proliferative capacity of
Jak2-null epithelium was assessed. Transplanted vir-
gin mice (9-wk-old) were stimulated with estrogen and

progesterone for 48 h followed by bromodeoxy uridine
(BrdU) injection. The incorporation of BrdU was sub-
sequently examined using immunofluorescence.

Remarkably, proliferation of Jak2-null ductal cells
was reduced to 5% (P � 0.001) of wild-type values
(Fig. 3), indicating that Jak2 is required to elicit a
hormonal-induced proliferative response in mammary
epithelial cells. Furthermore, this demonstrates that
proliferative responses in the mammary gland are
largely mediated through Jak2-dependent mecha-
nisms. Interestingly, proliferation in PrlR-null mam-
mary cells was 30% of that observed in wild-type cells
(7). This suggests that PrlR-independent signaling
pathways mediate proliferative responses in the mam-
mary gland. This could include signals emanating from
the epidermal growth factor and GH receptors, which
can activate Stat5 (4), and the glucocorticoid receptor,
which can synergize with Stat5 (17). Indeed, recent
data have demonstrated that GH, presumably via
Jak2, can induce Stat5 phosphorylation in mammary
stromal cells and epithelial cells (4). Although IGF-1
plays a significant role in mammary gland develop-
ment (18) and is capable of activating Jak2 in NIH3T3
cells (19), it remains to be established whether Jak2
can mediate IGF-1 actions in the mammary gland.

Unfortunately, due to the fact that nuclear Stat5
protein is detectable in the Stat5-null mammary gland,
consistent with the activation of a truncated Stat5
protein (unpublished data), we were unable to accu-
rately compare proliferative responses in Jak2-null
cells vs. Stat5-null cells.

Fig. 2. Jak2 Is Required for Functional Differentiation of the Mammary Epithelium
The whole mounts in Fig. 1 were embedded in paraffin, sectioned and processed for hematoxylin and eosin staining. No

apparent differences in overall epithelial development are observed when comparing virgin wild-type (A) with Jak2-null (B)
transplanted epithelium at 8 wk. Alveolar development in wild-type (C) and Jak2-null (D) transplanted epithelium at parturition.
Alveoli with large, expanded lumen and luminal secretory products are evident in the wild-type epithelium (C, asterisks). Lipid
droplets are also apparent in the secretory cells (C, arrowheads). No lipid synthesis is observed in Jak2-null epithelium (D), and
the presence of a putative nonsecretory, alveoli-like structure is indicated (D, arrow). FC, Fat cell. Bar, 50 �M.
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Maintenance of a Ductal Cell Marker and Lack of
a Secretory Cell Marker in Jak2-Null Epithelium
at Parturition

It was clear from the whole mount and histological
analyses that the absence of Jak2 resulted in a failure
of mammary epithelium to develop into distinct alve-
olar structures at parturition. Furthermore, Jak2-null
transplants at pregnancy d 13 were also underdevel-
oped and were comparable to epithelial development
seen in Jak2-null transplants at parturition (data not
shown).

To investigate whether Jak2-null epithelium at par-
turition retained ductal characteristics and failed to
acquire features characteristic of secretory epithelium,
we investigated the expression of markers preferen-
tially expressed in ductal or secretory epithelial cells.
We have established that the Na-K-Cl cotransporter,
NKCC1, is present at high levels on the basolateral
membrane of ductal epithelial cells during virgin mam-
mary gland development (Fig. 4A; and Shilling-
ford, J. M., K. Miyashi, M. Flagella, G. E. Shull, and
L. Henninghausen, unpublished data). During preg-
nancy (data not shown) and lactation (Fig. 4C) the
levels of NKCC1 in wild-type alveoli are much reduced
and only a few cells within the ducts maintain high
levels of NKCC1 (data not shown). By EST database
searches we also determined that an epithelial Na-Pi
cotransporter, Npt2b (20), was preferentially ex-
pressed in cDNA libraries derived from lactating but
not from nonlactating mammary tissue (data not
shown). Therefore, these data suggest that NKCC1
and Npt2b serve as markers for ductal and secretory
epithelial cells, respectively.

Jak2-null epithelium isolated from virgin mice (Fig.
4B) showed equivalent levels of NKCC1 protein as
wild-type virgins (Fig. 4A). However, while a reduction
in NKCC1 protein was observed in wild-type epithe-
lium at pregnancy (data not shown) and parturition
(Fig. 4C), Jak2-null epithelium maintained high levels
of NKCC1 protein at parturition (Fig. 4D) similar to
wild-type virgin epithelium (Fig. 4A). A comparable
maintenance of NKCC1 expression was observed in
transplanted Stat5- and PrlR-null epithelium at partu-
rition (7). Taken together, the observed persistence of
NKCC1 protein in Jak2-null epithelium at parturition
demonstrates that the absence of Jak2 results in a
lack of differentiation of the mammary epithelium dur-
ing pregnancy and the retention of ductal features.

We further examined the expression of Npt2b. In
wild-type glands, Npt2b protein was not detectable
in ductal epithelium in virgin tissue (Fig. 4E) or alve-
olar structures at midpregnancy (data not shown).
However, at late pregnancy (d 18) Npt2b was de-
tected on the apical membrane of a few secretory
alveoli (data not shown) and on the apical membrane
of all alveoli at parturition (Fig. 4G, arrowheads).
These results suggest that Npt2b is a marker of
secretory cell function. Similar to virgin wild-type
epithelium, ductal epithelium in Jak2-null virgin
transplants showed no evidence of apical Npt2b
(Fig. 4F). However, in contrast to wild-type epithe-
lium at parturition, apical Npt2b was not detectable
in Jak2-null epithelium at parturition (Fig. 4H). Based
on maintenance of a high level of basolateral NKCC1
protein and lack of apical Npt2b protein, we con-
clude that Jak2-null mammary epithelium retains
ductal characteristics and fails to acquire a marker
indicative of secretory function.

Fig. 3. Reduced Proliferation of Epithelial cells in the Ab-
sence of Jak2

Transplanted mice were injected with estrogen and pro-
gesterone (E � P). After E � P treatment, mice were injected
with BrdU and the glands harvested and subsequently fixed.
Incorporation of BrdU was detected using a FITC-conjugated
anti-BrdU antibody (green) and nuclei were visualized with
DAPI (blue). BrdU localization in (A) wild-type and (B) Jak2-
null epithelium showed far fewer BrdU-positive cells in Jak2-
null epithelium. C, Counts revealed a 96% reduction in BrdU-
positive cells in Jak2-null (0.47% � 0.15) vs. wild-type
(11.26% � 0.9) epithelium (mean � SEM). It should be noted
that the majority of ducts in the Jak2-null samples were
BrdU-negative and the image shown in (B) depicts a rare
proliferating cell. Bar, 50 �M.
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Nuclear Translocation of Stat5a in the Absence
of Jak2

It is well established that phosphorylation of Stat5
induces Stat5 dimerization, which in turn results in
subsequent Stat5 nuclear translocation (21). In the
context of the mammary gland PRL activates Stat5 via
the PrlR and its associated kinase, Jak2, and the ab-
sence of either the PrlR or Stat5 inhibits functional
differentiation of the mammary epithelium at preg-
nancy (7). Therefore, we examined the localization of
Stat5a in wild-type and Jak2-null epithelium isolated
from mice at pregnancy d 13 (Fig. 5A and B, respec-
tively) and at parturition (Fig. 5, C and D, respectively).
In wild-type glands at pregnancy d 13 (Fig. 5A), nu-

clear Stat5a staining was observed (arrowheads). In
contrast, many fewer cells exhibited nuclear Stat5a in
Jak2-null epithelium (Fig. 5B, arrowheads), and a large
number of cells had no detectable Stat5a (arrows).
After parturition, nuclear Stat5a was apparent in al-
most every epithelial cell in wild-type glands (Fig. 5C,
arrowheads). Similar to that seen in pregnancy, Jak2-
null epithelium at parturition (Fig. 5D) showed evi-
dence of a few cells with nuclear Stat5a (arrowheads),
cells with cytoplasmic Stat5a, and cells with no de-
tectable Stat5a (arrows).

To quantitate Stat5a nuclear localization, the num-
ber of Stat5a-positive nuclei were counted and ex-
pressed as a percentage of the total number of luminal
epithelial cells (Table 1). Counting of two independent

Fig. 4. Maintenance of a Ductal Cell Marker and Lack of a Secretory Cell Marker in Jak2-Null Epithelium
Transplanted tissue was harvested from virgin mice and mice 1 d after parturition. After fixation, tissue was embedded in

paraffin, sectioned, and subsequently stained with specific antibodies. Localization of NKCC1 (red) and smooth muscle actin
(SMA, green) in (A) virgin wild-type ductal epithelium, (B) Jak2-null virgin epithelium, (C) wild-type epithelium at parturition, and
(D) Jak2-null epithelium at parturition. Note the persistence of a high level of NKCC1 protein in Jak2-null epithelium at parturition
(D) similar to virgin wild-type ductal epithelium (A). In contrast, much reduced levels of NKCC1 are observed in wild-type alveoli
at parturition (C). Localization of Npt2b (red) and E-cadherin (green) in (E) virgin wild-type ductal epithelium, (F) virgin Jak2-null
epithelium, (G) wild-type epithelium at parturition and (H) Jak2-null epithelium at parturition. Npt2b protein is evident on the apical
membrane of wild-type alveoli at parturition (G, arrowheads) but is notably absent in Jak2-null epithelium at parturition (H,
arrowheads). No detectable Npt2b is apparent in virgin wild-type (E) or Jak2-null epithelium (F). Bar, 50 �M.
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samples revealed a highly significant difference (P �
0.0001) between Stat5a-positive nuclei in Jak2-null
cells vs. wild-type cells at pregnancy d 13 (25% vs.
73%, respectively) and at parturition (23% vs. 80%,
respectively). The observed nuclear localization of
Stat5a in the absence of Jak2 could be mediated by a
number of alternative signaling pathways independent
of Jak2 function, including activation of phosphatidyl-
inositol-3-kinase (22, 23), c-Src (24, 25), MAPK (10, 26)
and signaling pathways activated by the intrinsic ki-
nase activity of the epidermal growth factor receptor
(4). However, despite evidence of limited Stat5a nu-
clear translocation in Jak2-null epithelium, these cells
fail to proliferate and differentiate to form functional
secretory tissue. A possible reason for this is that a
threshold of activated Stat5 may be required to enable
cells to switch from a ductal cell lineage to an alveolar
cell lineage, which is not achieved in the absence of
Jak2. Such a threshold could be perceived as 1) the
number of cells expressing nuclear Stat5 and/or 2) the
absolute amount of Stat5a in the nucleus. Unfortu-

nately, an accurate quantitation of the absolute
amount of nuclear Stat5, which would further address
this important question, is not readily attainable. De-
spite this, the data presented herein provide strong
experimental evidence that in the absence of Jak2,
other signaling pathways do not play a major role in
the proliferation or differentiation of the mammary
gland. This is the first in vivo study that defines Jak2 as
a critical mediator of proliferative and differentiation
events in the mammary epithelium at pregnancy.

MATERIALS AND METHODS

Antibodies

The NKCC1 and Npt2b antibodies were gifts from Dr. Jim
Turner, NIDCR, NIH (Bethesda, MD) and Dr. Jurg Biber, Uni-
versity of Zurich (Zurich, Switzerland), respectively. The E-
cadherin and Stat5a (L-20) antibodies were obtained from
Transduction Laboratories (Lexington, KY) and Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA), respectively.

Experimental Animals

All animals used in the course of this study were treated
within published guidelines of humane animal care.

Mammary Gland Transplantation

This technique has been described previously (27). Briefly,
Jak2 hemizygous mice in a pure C57BL/6 genetic back-

Fig. 5. Nuclear Localization of Stat5a in the Absence of Jak2
Wild-type (A and C) and Jak2-null (B and D) mammary transplants were harvested at pregnancy d 13 (A and B) and at parturition

(C and D). Nuclei were stained with propidium iodide (red). Significant nuclear Stat5a (green) staining was apparent in wild-type
glands at pregnancy d 13 (A, arrowheads), but less so in Jak2-null epithelium (B, arrowheads), which contained a proportion of
cells with no detectable Stat5a (B, arrows). At parturition, most of the wild-type alveoli contained nuclear Stat5a (C, arrowheads)
whereas only a few Jak2-null cells showed evidence of Stat5a nuclear staining (D, arrowheads). Note that some cells lacked
detectable Stat5a staining (D, arrows). Bar, 50 �M.

Table 1. Nuclear Stat5a vs. Total Number of Luminal
Epithelial Cells

Jak2-null Wild-type

Pregnancy d 13 A 26.8 � 2.1% 71.2 � 1.5%
Pregnancy d 13 B 23.1 � 1.1% 74.8 � 2.8%

Parturition A 19.6 � 1.4% 79.7 � 2.1%
Parturition B 25.7 � 2.0% 79.9 � 2.2%
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ground (14) were mated and euthanized at d 12.5 of preg-
nancy. Embryos were removed and identified visually for the
loss of Jak2, as assessed by the lack of erythropoesis in the
liver, and confirmed by PCR as previously described (14).
Embryonic mammary glands were dissected from the Jak2-
null, hemizygous and wild-type embryos and cultured over-
night. The endogenous mammary epithelium from the no. 4
gland of 3-wk-old athymic (nu/nu) mice was removed, and
the embryonic mammary cultures were placed into the re-
maining epithelial-free fat pad. Routinely, Jak2-null and Jak2
wild-type glands were contralaterally transplanted in the
same mouse. Mice were left for 8 wk before isolation of virgin
mammary tissue, or mating and mammary tissue harvest
during pregnancy or at parturition. For some experiments,
successful outgrowths were transplanted a second time into
nude mice as previously described (28). Whole mount anal-
yses were performed as described previously (29).

Immunofluorescence Analyses

Isolated tissue was fixed in Tellyesniczky’s fixative for 4 h at
room temperature and embedded in paraffin by routine meth-
ods. Sections were boiled in an antigen unmasking solution
(Vector Laboratories, Inc., Burlingame, CA) for 2 min followed
by 10 min incubation. Primary antibodies were applied
(NKCC1, 1:1000; Npt2b, 1:100; E-cadherin, 1:200; Stat5a
1:200) and the sections incubated for 1 h at 37 C (NKCC1,
Npt2b and E-cadherin) or overnight at room temperature
(Stat5a). Sections were incubated with fluorescent-conju-
gated secondary antibodies (Molecular Probes, Inc., Eugene,
OR) for 1 h at room temperature in the dark. Mounting
medium (Vectashield, Vector Laboratories, Inc.) was applied,
and the sections were analyzed. Immunofluorescence was
viewed under a Carl Zeiss Axioscop (Carl Zeiss, Inc., Thorn-
wood, NY) equipped with filters for FITC (fluorescein isothio-
cyanate), TRITC (tetramethyl rhodamine isothiocyanate) and
FITC:TRITC. For Stat5a nuclear counts, the total numbers of
luminal epithelial cells vs. nuclear Stat5a positive cells were
counted in ten separate fields at 63� magnification (63�
objective plus 10� eyepiece � 630�) from two independent
mice. Statistical significance was assessed using t test.

Cell Proliferation Analyses

For proliferation experiments, virgin mice 9 wk after trans-
plantation were treated for 48 h with 1 �g �-E2 (Sigma, St.
Louis, MO) and 1 mg progesterone (Sigma) in 100 �l sesame
oil via a single interscapular sc injection. Two hours before
they were killed, mice were injected with 0.3 mg BrdU per
10 g body weight (Amersham Pharmacia Biotech, Arlington
Heights, IL), and both of the transplanted number 4 inguinal
mammary glands and an endogenous number 3 gland (con-
trol) were removed. Isolated tissue was fixed in 4% parafor-
maldehyde in PBS for 2 h at 4 C. BrdU-positive cells were
detected by immunofluorescence as described previously
(30). BrdU-positive cells and total nuclei were counted from
16 fields at 60� magnification (60� objective plus 10� eye-
piece � 600�). Statistical analysis was performed using a
two-tailed t test.
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